Previous modelling techniques in sheet forming of textile composites have focused on computational simulations due to the numerous computations involved. Recently a procedure for stretch forming analysis of plain weft-knitted fabric composites has been developed. The analytical model for the stretch forming process is now being extended for the deep drawing process in this paper. The theoretical strain field gives good approximation to the experimental results.
INTRODUCTION
The occurrence of sharp thinning, also known as necking, sets the limit to which a homogeneous sheet material can be further deep drawn [1, 2] . In recent years, various fibres and textiles are being used as reinforcements in polymer sheets to give higher strength and formability. The interlacing nature of biaxial woven fabric architecture allows large deformation by shearing, or the Trellis Effect. Unlike woven fabrics, the interloping nature of knitted fabric architecture enables large deformation by loop straightening for stretching and loop curving for compression. The ease of fabric loop straightening enables successful draping over complex convex surfaces with minimal wrinkling [3] [4] [5] [6] [7] [8] . The feasibility of plain weft-knitted fabric composite sheet forming leads to computational simulation [9] [10] . Due to the numerous computations required, an analytical method for predicting the strain distribution of a stretch formed plain weft-knitted fabric composite has been proposed [11] . Allowance of flange drawin, at the present stage of investigation, shifts what is known as a stretch forming process to a deep drawing process. Reference to Figs.1 and 2 shows enhancement of shell height through the allowance of draw-in. In view of the improvement of cup height, this paper extends the earlier strain field analysis on stretch forming process [11] to the deep drawing process.
THEORY
In the stretch forming process, it is customary to use hemispherically shaped plunger profile [11, 12] whereby (R n /R p )=1. For the present case of deep drawing process, a more generalised analysis is considered for variation in plunger profile whereby (R n /R p )£1. In the earlier mapping scheme for the stretch forming operation, it was assumed that the clamped sheet portion remains stationary throughout the course of plunger penetration [11] . The present mapping scheme for the deep drawing process allows radial drawin of the flange until its rim reaches the inner edge of the clamping zone.
Consider a circular sheet undergoing deep drawing as shown in Fig.3 , the mean ratio of meridional length after complete deformation to that before deformation is where l MACRO has been given earlier [13] . Previous experimental results [3, 4] reveal that meridional elongation of a deep drawn plain weftknitted fabric composite is more uniformly distributed compared to those of homogeneous materials [1, 2] . 
where the contact angle, â, has been given earlier [13] .
The concentric sections of A, B and C, which are mapped to A', B' and C' respectively, separate the fully drawn cup into four zones which can be forward traced to wrap around the tool, as shown in Fig.3 . Upon assumption of uniformly distributed meridional strain, the final radius (r) of every section on the deep drawn cup can be forward traced from the initial radius (r 0 ), tool profile (R p , R n , R t , R s ) and plunger penetration (H,b) as followed by Comparison between deep drawn cup height and stretch formed shell height at R t =40 mm, R s =6 mm and R p =37.5 mm for various plunger nose radii, R n .
EXPERIMENTAL
Plain weft-knitted Kevlar-49â reinforced polypropylene sheet specimens were prepared by the Film Stacking Method [13] . Grid radius (r) and height (h) of deep drawn specimens were measured using the Pye-Unicam 2-D travelling microscope and a Mitutoyo height gauge respectively. The travelling microscope and height gauges used have accuracy of ± 0.005 mm and ±0.01 mm respectively. Measured coordinated along the wale and course axes were averaged in order to treat the deep drawn product as being axisymmetric [6] [7] [8] . The meridional arc length (ds) between the i-th and the (i+1)-th grid from the cup pole was obtained as
The grid radius and height, with the obtained meridional arc length gives the meridional and circumferential strains as 
At the conical section bounded by B' and C' we have
Finally at the die shoulder contact region, we let where
(10) (6) respectively. The theoretical meridional strain is based on the mean ratio of the meridional length proposed in Eq.(1) whilst the radial distances for the theoretical circumferential strain are described by Eqs. (6) to (9) . The thickness strain was not obtained directly from the local cup thickness (t) and the original flat sheet thickness (t 0 ) due to the uneven surface thickness caused by the fibre bundle. Both the experimental and theoretical thickness strains were calculated from incompressibility, (14) an assumption applied in many other deformation processing analysis. For the sake of completeness, comparison between the experimental and theoretical strain fields were made in terms of the effective strain at fully drawn cup height of H=56.3 mm for the tool geometry shown in Table 1 . Fig. 4 shows the circumferential strain field. A generally positive circumferential strain at the inner portion of the cup shows an enlargement in the circumference due to draw-out while a negative circumferential strain at the outer portion at the cup wall marks a contraction in the circumference due to draw-in of the flange to form the cup wall. A generally negative thickness strain in the inner portion signifies thinning due to biaxial stretching as a subsequent of draw-out, as shown in Fig.5 . Limitation in the meridional stretching set by the fibre bundle loop enables a larger magnitude of negative circumferential strain to produce thickening at the cup wall, signified by positive thickness strain. The effective strain distribution, shown in Fig.6 , reveals the effective severity of deformation. The limitation to loop straightening puts a limit on the extent to which the inner sheet portion can be stretched, whereas a higher effective strain at the outer portion suggests that increase in cup height is made possible through flange draw-in. Whilst limitation to stretching (or loop straightening) is limited by the fabric loop; no such limitation is posed to Discrepancies can be observed in Figs.4 to 6 between the experimental points and the theoretical curve. This may well be attributed to the occurrence of fibre bundle slippage and its extension, thereby giving a non-constant meridional strain distribution, which contradicts the constant meridional strain proposal of Eq.(2).
RESULTS AND DISCUSSION

CONCLUSIONS
Notwithstanding the above-mentioned discrepancies, there exists reasonable trends between the experimental and theoretical strain field although it is clear that the proposed model needs refining to take into account fibre bundle slippage and its extension. The present kinematic models, as well as recent proposals [11, 13] provide an alternative to the kinetic models [9, 10] . Development of kinetic models will complement the present kinematic models. Extension of constitutive relationship consideration, as have been applied in unidirectional fibre composite [14] and woven fabric composites [15, 16] , for the case of knitted fabric composites is therefore suggested for future investigation.
